Abstract-The interior permanent magnet synchronous motor (PMSM) can offer many advantages, including high power-to-weight ratio, high efficiency, rugged construction, low cogging torque and the capability of reluctance torque, so it is widely used in electric vehicle (EV). Two control schemes, namely field oriented control (FOC) and direct torque control (DTC) are used in PMSM drive. In order to decrease current and torque ripple and fix switching frequency, an improved DTC scheme based on the control of stator flux, torque angle and torque was proposed, which used voltage vector selection strategy and the technology of space vector modulation (SVM) to generate the applied voltage vector instead of switching table. And this paper compared these three control schemes based on a 15-kW interior PMSM used in Honda Civic 06My hybrid electrical vehicle. Experimental results show for the FOC using the hysteresis current control, due to the lower sampling period, stator current is more sinusoidal.
Introduction
Electric propulsion systems are the hearts of EV. They consist of electric motors, power converters and electronic controllersP [1] P.
As the interior PMSM can offer many advantages, including high power-toweight ratio, high efficiency, rugged construction, low cogging torque and the capability of the additional reluctance torque, it is widely used in the modern EV and hybrid EV. For the interior PMSM, there are two different high-performance control strategies, namely, the FOC and the DTC. Both of them are widely used in the industry application. The FOC is implemented in the rotor flux reference frame and needs the continuous rotor position information to implement the coordinate transformation. The DTC is implemented in the stationary reference frame, doesn't need the continuous rotor position information except for the initial rotor position. But it suffers from high current and torque ripples and variable switching frequencyP [2] - [8] P.
In order to decrease current and torque ripple and fix switching frequency, an improved DTC scheme based on the control of stator flux, torque angle and torque was proposed, which used voltage vector selection strategy and the technology of space vector modulation (SVM) to generate the applied voltage vector instead of switching table. And this paper compared these three control schemes based on a 15-kW interior PMSM used in Honda Civic 06My hybrid electrical vehicle.
The description of test bench
The tested electric drives used in this paper consist of three parts: the tested motor, the voltage source inverter (VSI) and the processor.
The tested motor is a 3-phase, 15-kW interior PMSM used in Honda Civic 06My hybrid electrical vehicle. Its parameters are shown in Tab. 1. Three single-phase insulated gate bipolar transistor (IGBT) intelligent power modules (Semikron semix 202GB066HDs) are used for the VSI. SKYPER 32R is used to drive the power module. The cooling style of the inverter is forced water-cooling. The dclink voltage and two-phase stator currents are sensed by isolated devices and fed back to the processor. AD 628 is used to measure the dc-link voltage and LEM HC2F-80s is used to measure stator current. An incremental encoder integrated into the motor is used to determine the rotor position. All the control schemes are implemented on a digital signal processor (DSP) TMS320F2812. The real time software is downloaded from Matlab/Simulink to the DSP directly.
The test bench is shown in Fig. 1 . It consists of the tested motor, a controlled DC motor used to load the PMSM and a torque meter (Vibro-Meter TG-10BP-M3). All time-dependent functions (current, voltage, torque and speed) presented in this thesis are recorded by an oscilloscope (LeCroy wave Surfer 44Xs Oscilloscope). 
The FOC
In the rotor flux reference frame, the torque of PMSM is shown in (1) .
And equ. (1) shows if the d-axis stator current is kept constant, the torque is proportional to the q-axis stator current. In this paper, the hysteresis current control is used to implement the FOC and the diagram of the FOC system is shown in Fig. 2 . And Fig. 2 shows the implementation of the FOC needs the continuous rotor position information. The hysteresis bands for the control of three-phase stator currents are 0.02A. The sampling period for the speed control is 0.01s and the sampling period for the current control is 100μs. The reference speed is 100rpm and the d-axis reference stator current is 0A. When the speed of the motor is 100rpm, the a-phase stator current and stator voltage are shown in Fig. 3 and Fig. 4 . Experimental results show under the control of the FOC stator current is sinusoidal, but the switching frequency of the VSI is not constant due to the use of the hysteresis control. 
The DTC
In stator flux reference frame, the torque of PMSM in terms of the amplitude of stator flux and torque angle (the angle between stator and rotor flux vector) is shown in (2) .
And equ. (2) shows if the amplitude of stator flux is kept constant, the torque of PMSM is determined by torque angle. Normally we apply a proper voltage vector to change the angular position of stator flux vector to change torque angle. And switching table is used as voltage vector selection strategy. The diagram of the DTC system using switching table is shown in The hysteresis band for the amplitude of stator flux is 0.002Wb and the hysteresis band for torque is 0.002Nm. The sampling period for speed control loop is 0.01s and the sampling period for stator flux and torque control loop is 350μs. The reference speed is 100rpm and the reference amplitude of stator flux is 0.06Wb. When the speed of the motor is 100rpm, the a-phase stator current and stator voltage are shown in Fig. 7 and Fig. 8 . Experimental results show under the control of the DTC stator current ripples are higher due to higher sampling period compared with the FOC. And the switching frequency of the VSI is also not constant due to the use of hysteresis control. 
Effects of voltage vector
In nature the DTC is the hysteresis control. The voltage vector selection strategy as the hysteresis control principle is critical to improve the control performance of the PMSM DTC drive.
Neglecting the voltage drop on stator resistance, after applying a voltage vector for a short period Δt, stator flux vector of the motor is presented in (3) and According the law of cosine and Fig. 9 , after applying the voltage vector for Δt, the amplitude of stator flux can be expressed in (4).
Here we define q as the following and equ. (4) can be rewritten into (6). The change of torque is caused by the changes of the amplitude of stator flux and torque angle. Subsequently we discuss the effect of the voltage vector on torque.
Here we define k as the following and equ. (2) can be rewritten into (10).
According to the definition of k and equ. (9), after applying the voltage vector for Δt, the value of k′ is presented in (11). 
Voltage vector selection strategy
According to the effect of the voltage vector on the amplitude of stator flux, torque angle and torque of the tested motor, the selection area for VB 11 B (the voltage vector to increase the amplitude of stator flux, torque angle and torque) is (δB s B , δB s B +90P°P )，the selection area for VB 01 B (the voltage vector to decrease the amplitude of stator flux and increase torque angle and torque) is (δB s B +90P°P , δB s B +102P°P )，the selection area for VB 00 B (the voltage vector to decrease the amplitude of stator flux, torque angle and torque) is (δB s B +180P°P , δB s B +270P°P )，the selection area for VB 10 B (the voltage vector to increase the amplitude of stator flux and decrease torque angle and torque) is (δB s B +270P°P , δB s B +282P°P ), where δB s B is the angular position of stator flux vector in the stationary reference frame.
According to Tab. 2 and Fig. 6 , the angle between stator flux vector and VB 11 B is within (30P°P , 90P°P ), the angle between stator flux vector and VB 01 B is within (90P°P , 150P°P ), the angle between stator flux vector and VB 00 B is within (210P°P , 270P°P ) and the angle between stator flux vector and VB 10 B is within (270P°P , 330P°P ). Obviously, the switching table can always satisfy the control of the amplitude of stator flux and torque angle but can't always satisfy the control of torque.
According to voltage vector selection area, a 13 shows compared with the DTC system using the switching table, the hysteresis comparators are still used to control the amplitude of stator flux and torque, but the voltage vector selection strategy and the SVM are used to generate the switching signals instead of the switching table. Thus the voltage vector selection strategy proposed in this paper can decrease torque ripple and fix the switching frequency.
The hysteresis band for the amplitude of stator flux is 0.002Wb and the hysteresis band for torque is 0.002Nm. The sampling period for speed control loop is 0.01s and the sampling period for stator flux and torque control loop is 350μs. The reference speed is 100rpm and the reference amplitude of stator flux is 0.06Wb. When the speed of the motor is 100rpm, the a-phase stator current (the yellow wave) and stator voltage (the red wave) are shown in Fig. 14 to Fig. 16 . Experimental results show under the control of the voltage vector selection strategy current ripples are lower compared with the switching table. And the switching frequency of the VSI is constant due to the use of the SVM. Fig. 16 shows hysteresis comparators are still used in the DTC.
When the motor speed is 100rpm, a same negative load torque is applied on the PMSM. And the a-phase stator current (the yellow wave) and the load torque (the red wave) under the control of the switching table and voltage vector selection strategy are shown in Fig. 17 and Fig. 18 , respectively. Comparing Fig. 17 and Fig. 18 , we can get the voltage vector selection strategy can decrease stator current and torque ripples compared with the switching table.
Conclusion
Comparing the experimental results of the interior PMSM drive used in the electric vehicle under the control of the different control strategies, we can get conclusions as the following. For the FOC using the hysteresis current control, due to the lower sampling period, stator current is more sinusoidal. But it needs the continuous rotor position information and the switching frequency of the VSI is not constant. For the DTC using the switching table, current ripple is higher and the switching frequency of the VSI is also not constant. But it does not need the rotor position information except for the initial rotor position. Comparing with the switching table, the voltage vector selection strategy proposed in this paper can decrease current and torque ripple and fix switching frequency.
